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Abstract 
 
 
 
The mid-infrared is a technologically important region of the electromagnetic spectrum because 
it includes both the peak thermal emission of objects at room temperature and the molecular 
absorption resonances of many common liquids and gases. Thermal sensing and imaging is 
widely used in industrial and defense applications, and the ability to manipulate an object’s 
thermal emission spectrum has important implications for enhancing or thwarting detection of an 
object’s thermal signature. According to Kirchhoff’s law of thermal radiation, altering an 
object’s emissivity is equivalent to altering its absorptivity. In this thesis, we investigate a simple 
planar structure for achieving tunable, polarization- and angle-independent perfect absorption in 
the mid-infrared. Additionally, we demonstrate tunable selective thermal emission upon heating 
the device. 
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1 Introduction 
 
The mid-infrared (mid-IR) regime of the electromagnetic spectrum contains the wavelengths 
from 3 to 30 μm and is technologically important because it contains the both peak thermal 
emission wavelengths of objects at a wide range of temperatures (200 – 1400 K), as well as the 
molecular vibrational and rotational resonances of many common substances. Mid-IR photonics 
allow detection and identification of molecular species in small quantities as the molecular 
absorption of many molecules is strong and distinctive in the mid-IR. Mid-IR photonics also 
enables capabilities such as thermal imaging, contact-less temperature monitoring, and heat-
seeking guidance systems. The detection and manipulation of a material’s thermal emission has 
important applications in the defense and security industries. According to Kirchhoff’s law of 
thermal emission, altering a material’s thermal emission is equivalent to altering that material’s 
absorptivity. In other words, if a material has a strong or perfect absorption resonance, it should 
also exhibit strong selective thermal emission at the same wavelength. Previous work has 
demonstrated perfect absorption by means of top-layer patterning to design antennae, plasmonic, 
and meta-material resonances [1-4] in the microwave [1], mid-IR [2, 4-6], near-infrared (near-
IR) [3], and visible regimes [7]. Such perfect absorbers operating in the mid-IR could find 
potential use in molecular sensors, as the local field is often strongly localized at the absorption 
resonance, which would enhance the sensitivity of such devices. Such devices have already been 
shown to be effective at detecting small shifts in refractive index due to adsorption of molecular 
species on the devices’ top layer [3, 8].  
In this work, we developed an engineered metal with a thin dielectric film that exhibits strong 
absorption and selective thermal emission. The engineered metal is a highly-doped layer of 
silicon, which has been previously shown to have metallic optical properties in the mid-IR [9, 
10]. Unlike those structures mentioned above, there is no need for any top layer patterning to 
achieve the desired absorption resonance. Instead these structures make use a thin-film 
interference effect commonly used to design anti-reflection coatings. Such coatings typically 
employ a dielectric layer of one quarter wavelength thickness above a lossy ground plane. One of 
the earliest examples of such a device was employed as a RADAR anti-detection device known 
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as the Salisbury screen [11], which made use of a lossy graphite layer suspended one quarter 
wavelength above a metal ground plane.  
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2 Background and Theory 
 
The perfect absorbers presented in this work utilize a well-known thin-film interference effect 
widely used to design anti-reflection coatings. Such coatings typically employ film thicknesses 
of one quarter of a wavelength, but recent work from the Capasso group [12, 13] has 
demonstrated strong absorption using even thinner films. In the first case, a sapphire substrate is 
coated with a temperature-dependent phase change material, vanadium dioxide. By tuning the 
temperature of the device through its phase-change temperature, the absorption of the device can 
also be tuned. The second example uses thin germanium films on substrates coated with 
optically-thick gold. These thin-film structures are designed similarly to ours, but exhibit a 
strong reflection resonance in the visible spectrum. In the visible range, germanium is an 
absorbing dielectric, while in the mid-infrared, germanium is transparent. Our samples replace 
the gold ground-plane with an engineered metal of highly-doped silicon. To compare these 
different thin-film structures, we simulated the normal incidence reflection versus film thickness 
in Figure 2.1, wherein the film thickness has been normalized by the incident wavelength and the 
real part of the film’s refractive index. A typical sort of anti-reflection structure, such as the 
Salisbury screen previously mentioned, is depicted in the left panel (a). This structure has a low 
loss dielectric film on top of a perfect electrical conductor. Its maximum absorption resonance 
occurs at one quarter wavelength, and it absorbs approximately 50% of the incident light. The 
middle panel (b) is most similar to the work by the Capasso group with a high index, lossy 
dielectric on top of ground plane with permittivity similar to that of gold in the visible regime. 
This structure has a maximum absorption resonance when the film is less than one quarter 
wavelength and its strength approaches 85%. The final panel on the right (c) depicts a structure 
similar to the one presented in this work. Here the dielectric is lossless with a high index, and it 
sits on a ground plane of engineered metal. The simulated real (black) and imaginary (red) parts 
of our engineered metal’s permittivity at the surface of the material are depicted in Figure 2.2. 
The real part of the permittivity crosses zero at λ = 4.2 μm, indicating the plasma frequency of 
the material. The engineered metal has a plasma wavelength slightly shorter than the incident 
wavelength. This means that the magnitude of the real part of the permittivity is small in 
comparison to that of a perfect electrical conductor or to noble metals, such as gold and silver, in 
the visible and longer wavelength ranges. Because the engineered metal is a highly-doped 
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semiconductor, its doping can be used to control its plasma frequency, thus controlling its 
permittivity at a given wavelength. This control over the optical properties of the engineered 
metal allows one to optimize the strength of an absorption resonance at a given wavelength, 
while the position of the resonance is determined by the thickness of the dielectric film – 
essentially decoupling the two parameters of the resonance. Such control over the design of 
perfect absorbers is not possible using traditional noble metals. Furthermore, the design and 
fabrication of the perfect absorbers presented here is much simpler and less expensive that the 
methods mentioned previously which require carefully designing and patterning a top metal 
layer. 
 
Figure 2.1: Simulated normal incidence reflection for various combinations of thin dielectric films on top of 
optically-thick metal substrates as a function of dielectric thickness, which has been normalized by the incident 
wavelength and dielectric index.  a) A high index, low loss dielectric on top of a perfect electrical conductor. The 
strongest absorption occurs at one quarter wavelength, but only reaches approximately 50%. b) A high index, lossy 
dielectric on top of a metal with finite conductivity. The strongest absorption resonance is obtained in a layer thinner 
than one quarter wavelength and is significantly higher ~85%. c) A high index, lossless dielectric on top of an 
engineered metal with a plasma wavelength slightly shorter than the incident wavelength. The thickness at which the 
strongest absorption resonance occurs is less than one tenth of a wavelength and the strength exceeds 95%. This 
final example most closely resembles the work presented. 
 
 
Figure 2.2: Calculated real (black) and imaginary (red) permittivity at the surface of our engineered metal made of 
highly-doped silicon. The real part of the permittivity crosses zero near 4.2 μm, indicating the material’s plasma 
wavelength. 
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3 Modeling 
 
3.1 Dopant Diffusion 
We modeled the doping profile of our substrates using a complementary error function, which is 
the analytical solution to Fick’s laws of diffusion for a fixed source near the surface of a material 
(see Equation 3.1). We took the z-axis to be the direction of diffusion, disregarding lateral 
diffusion. The carrier concentration (n) depends on the position from the surface (z), the surface 
dopant concentration (Cs), and the diffusion length - or the square root of the product of the 
diffusivity (D) and the diffusion time (t). The diffusion length depends on the dose (Q), and the 
surface dopant centration (Cs). We determined the dose from Hall measurements to be 
approximately 50x1016 cm-2 and used the surface dopant concentration as a fitting parameter 
along with the electron scattering time as discussed in the next section. 
 
,      (3.1) 
 
3.2 Drude Model for Metals 
 
The Drude model is used to model the permittivity of free electron gases, and is widely used to 
calculate the optical properties of metals at long wavelengths [14]. The Drude model depends on 
two material-specific parameters – the plasma frequency (ωp) and the electron scattering rate (γ) 
(see Equation 3.2). The plasma frequency depends on the carrier concentration (n), the material’s 
effective electron mass (m*), the material’s dielectric constant (ϵs), the fundamental electron 
charge (e), and the vacuum permittivity (ϵ0). The plasma frequency indicates the frequency at 
which the real part of a metal’s permittivity changes sign. At frequencies above the plasma 
frequency, the real part of a material’s permittivity is positive and indicative of a dielectric 
optical response, while at frequencies below the plasma frequency, the real part is negative and 
indicative of a metallic response. The scattering rate characterizes the total effect of all electron 
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scattering mechanisms and accounts for free electron absorption. It is typical that the scattering 
rate is determined by fitting the Drude model to experimental data.  
 
,     (3.2) 
 
In most cases, the carrier concentration can be easily determined by a variety of techniques, 
while the material’s effective mass and dielectric constant are often well-known in the literature. 
In this work, we took the dielectric constant of silicon to be 11.8, and the effective mass to be 
0.28 times the mass of a free electron. The carrier concentration was determined by modeling the 
doping profile as discussed in the previous section. 
 
3.3 Transfer Matrix Method 
 
The transfer matrix method (TMM) is a means of calculating the transmission and reflection 
spectra of a series of optical materials with known thickness and optical properties – expressed 
as the complex refractive index (ni). TMM is commonly described in fundamental texts on 
Optics [15] and is quite simple to implement using a variety of popular scripting languages, of 
which we chose MATLAB. The method casts both the interaction of light at interfaces – 
classically described by Fresnel’s equations – and the propagation of light through a material as 
linear transformations represented as 2 x 2 matrices (Iij and Lj, respectively). The product of all 
of the matrices, the S-matrix (S), describes the reflection and transmission coefficients of the 
entire system (Equation 3.3).  
 
 (3.3) 
 
The interface transfer matrix and the propagation transfer matrix are shown in Equations 3.6. The 
interface transfer matrix has two forms, one for each of the s- and p-polarizations of light. The 
coefficients rs, ts, rp, tp, are the reflection and transmission field amplitude coefficients from 
Fresnel’s equations (Equations 3.4) for both s- and p-polarizations. The angles θ1 and θ2 are the 
incident and transmitted (i.e. refracted) angles, respectively. The transmitted angle is determined 
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from Snell’s Law (3.5). The phase (ϕ) in the propagation transfer matrix is shown in Equation 
3.7, and it depends on the free-space wavenumber (k0), the thickness of the layer (d), the 
complex refractive index of the layer (n), and the transmitted angle (θ2). 
 
 
 
(3.4) 
 
 
 
 
                                        (3.5) 
 
 
(3.6) 
 
 
 
                                                           (3.7) 
 
Finally, the transmission and reflection coefficients for the entire system can be extracted from 
the elements of the 2x2 S-matrix as shown in Equation 3.8. As there are two forms of the 
interface transfer matrix, there will also be two forms of the S-matrix – one for each polarization 
of light. Any single computation of TMM will return the system’s reflection and transmission 
coefficients for a given wavelength of light, but it is a simple matter to compute multiple 
wavelengths in a loop in order to produce reflection and transmission spectra. 
 
(3.8) 
 
Since our highly-doped silicon had a depth-dependent doping profile, we partitioned the 
thickness of the layer into sub-layers, each with a thickness of 25 nm, and computed the doping 
concentration along with the Drude permittivity, which was then used in our TMM calculations 
to determine the reflection and transmission spectra. As our highly-doped silicon layer was 
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strongly absorbing, we found that transmission was negligible, nor was it experimentally 
observed. Our modeling required only two fitting parameters: the surface dopant concentration 
(Cs) to determine the doping profile (and subsequently the plasma frequency) and the Drude 
scattering rate (which determined the free electron absorption). We found the surface dopant 
concentration to be 20 x 1020 cm-3 and the electron scattering rate to be 1.45 x 1014 rad/s. Upon 
successfully modeling the reflection spectra of our highly-doped silicon, we continued our 
modeling by adding the high-k germanium dielectric of various thicknesses and by changing the 
angles of incidence.  
 Finally, we modeled thermal emission by computing the emissivity of our samples. 
According to Kirchhoff’s law of thermal radiation, an object’s absorptivity is equal to its 
emissivity. We calculated our sample’s absorptivity (A) by subtracting the material’s reflectivity 
(R) and its transmissivity (T) from one (see Equation 3.9). Since the sample transmissivity was 
negligible, we simply subtracted the previously calculated reflectivity. We then multiplied the 
emissivity of the sample by an approximated blackbody spectrum (see Equation 3.10) to 
determine the expected thermal emission spectrum.  
 
                                                (3.9) 
 
                                                         (3.10) 
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4 Fabrication Methods 
 
4.1 Substrate Doping 
 
Our engineered metals were fabricated on silicon-on-insulator (SOI) substrates – comprised of a 
thick (610 - 640 μm) poly-crystalline silicon handle, a buried oxide layer (0.9 – 1.1 μm), and an 
active layer of single-crystalline silicon (2-3 μm). These substrates were doped using P509 
Filmtronix Spin-On Dopant (see Figure 4.1). The substrates were cleaned using a standard 
degrease procedure by rinsing the surface with acetone and isopropanol. After baking at 125 °C 
for 5 minutes to remove excess moisture from the surface, 0.5 mL of dopant were applied to the 
substrate and spun at 4000 RPM for 40 seconds. The spun-on dopant layer was then hard-baked 
at 200 °C for 12 minutes. The dopant was then driven into the active layer of the substrate using 
a conventional furnace at 1100 °C for two hours. Finally, the dopant layer was removed with an 
aqueous 1:1 hydrofluoric acid solution. This procedure left a clean surface and highly-doped 
active silicon layer. After doping, the substrates were optically characterized using mid-IR 
reflection spectroscopy. The reflection spectra of un-doped (blue) and doped (red) substrates are 
shown in Figure 4.1a. In the un-doped case, Fabry-Perot oscillations are clearly present with a 
free spectral range of approximately 574 cm-1, which is consistent with the manufacturer’s 
specifications for the thickness of the active silicon layer and indicates that the un-doped layer is 
transparent. After doping, the Fabry-Perot oscillations are absent, indicating that the active layer 
is no longer transparent, but strongly absorbing and metallic at frequencies below 2000 cm-1. 
 
4.2 Evaporating and Patterning Germanium 
 
The doped substrates were then degreased and various thicknesses of germanium were deposited 
by electron beam evaporation at a deposition rate of approximately 2 Å/s. The film thicknesses 
were measured using an in situ quartz crystal monitor and confirmed using a germanium-
selective etch and profilometry. The thicknesses of the germanium films started from zero and 
increased by steps of 82.5 nm up to 577.5 nm, and were evaporated in a series of three 
depositions of 82.5, 165, and 330 nm for a total of seven different film thicknesses. Several 
patterned germanium films were fabricated for use in the thermal imaging experiment to 
demonstrate spatially selective thermal emission. These samples were patterned using standard 
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photolithographic metal liftoff techniques as follows. The highly-doped silicon surfaces were 
degreased with acetone and isopropanol before spinning AZ-5214E photoresist at 3000 rpm for 
30 s. The samples were then pre-baked at 110 °C for 60 s and exposed using and MJB-3 aligner. 
The samples were then developed using AZ-327 organic metal-free developer. After lithography, 
germanium films were evaporated, and the metal patterns were lifted off in acetone. 
 
Figure 4.1: a) MIR reflection spectra for SOI substrates before and after doping process b) The spin-on doping 
process i) Undoped SOI wafer. Its reflection spectrum is shown in blue in a). Fabry-Perot oscillations are clearly 
visible, which a free spectral range of approximately 574 cm-1. Considering the MIR refractive index of un-doped 
silicon, this free spectral range corresponds to a cavity thickness of approximately 2.5 μm, which is consistent with 
the manufacturer’s specifications for the active silicon layer. ii) Application of spin-on dopant layer. iii) Driving in 
dopants in furnace. iv) Removal of dopant layer using hydrofluoric acid. Reflection spectra of the doped material are 
shown in red in a). The Fabry-Perot oscillations are now absent, indicating that the active layer is now strongly 
absorbing. Additionally, the material is strongly reflective at long wavelengths – indicative of a metallic optical 
response. It is clear that the material has a plasma frequency somewhere near 2000 cm-1. Precise modeling and 
fitting of the material’s permittivity is discussed in Section 3. 
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5 Experimental Methods 
 
5.1 Angle-Dependent Reflection 
We measured angle-dependent reflection of our samples using a Bruker v70 Fourier transform 
infrared (FTIR) spectrometer and a custom-built experimental setup (see Figure 5.1). Mid-IR 
light from the FTIR’s internal glowbar passes through an internal Michelson interferometer and 
is focused onto the sample by an 8” zinc selenide (ZnSe) lens, which is transparent to mid-IR 
light unlike common visible optics materials. Before reaching the sample, the light is polarized 
by a wire grid polarizer. When the wire grid is oriented vertically, only horizontally polarized 
light will be transmitted, which we designate as TM polarized. Vertically polarized light is 
transmitted when the wire grid is oriented horizontally and is designated as TM polarized light. 
The sample is mounted on a rotation base and is free to rotate 360°. Upon reflecting off of the 
surface of the sample, the light is collected by a pair of 3” ZnSe lenses and focused on a mercury 
cadmium telluride (MCT) mid-IR detector. The detector and focusing lenses are all mounted on 
a rail, which is mounted on an annular rotational base, which can rotate independently around the 
rotational base of the sample mount. The angle of incidence is set by rotating the sample base, 
and then rotating the entire collection/detection apparatus to the correct position for collecting 
the reflected light. Additionally, the detector sits upon a set of translational stages allowing for 3-
axis alignment of the detector to maximize the signal from the reflected light.  
We normalized our reflection data by measuring reflection off a similarly sized substrate 
with an optically thick gold coating. Gold in the mid-IR can be regarded as a perfect electrical 
conductor with near unity reflection across the wavelength range investigated – thus introducing 
no additional dispersion into the measurements. To ensure consistent measurements for all 
samples and incident angles, we normalized each new incident angle measured, and made small 
adjustments to the detector alignment to maximize the collected signal and account for small 
variations of the sample tilt when mounting it into the experimental setup. Prior to angle-
dependent measurements, we made preliminary reflection measurements of our samples using a 
Bruker IR-II infrared microscope coupled to a Bruker v80v FTIR spectrometer. These 
measurements were used to initially determine the presence of the absorption resonance and their 
dependence upon the thickness of the thin germanium films. 
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Figure 5.1: Custom experimental setup for angle-dependent reflection. 
 
5.2 Thermal Emission 
 
We measured thermal emission using a custom setup (see Figure 5.2) coupled to a Bruker v80v 
FTIR spectrometer. Samples were mounted with indium paste on a custom copper mounting 
block with cylindrical insets that accommodate a pair cartridge heaters on either side of the 
block. The heaters are connected in parallel to a temperature control unit with thermocouple 
attached to the front surface of the block providing feedback for the control loop. The mounting 
block was maintained at a temperature of 450 K. Thermal emission was measured by spatially 
filtering the emitted light using two irises, focusing the light with a ZnSe lens, and finally 
polarizing the light with a wire grid polarizer before entering the FTIR, which recorded the data 
using its internal MCT detector. Thermal emission was measured for each of the seven 
germanium thicknesses and compared to a calculated blackbody spectrum. Additionally, the 
background thermal emission from the inside of the FTIR was non-negligible. To account for the 
background emission, we covered the input port of the FTIR and subtracted the resulting 
spectrum from each of our sample spectra.  An ideal normalization procedure would make use a 
calibrated blackbody source, but since one was not available to us, we instead made a 
comparison to blackbody scaling the calculated blackbody along with the modeled emission 
spectrum of each sample by the response of the internal FTIR internal detector. 
13 
 
 
5.3 Thermal Imaging 
We measured spatially selective thermal emission from our patterned samples using a FLIR BX-
320 thermal imaging camera. The sample was mounted vertically on a hot plate and heated. The 
temperature of the hot plate was not measured as the device was not equipped with a temperature 
control unit. Thermal emission from the patterned sample was collected by an all reflective 15x 
microscope objective and imaged with the FLIR thermal camera. The sample chosen for imaging 
had a germanium thickness of 425 nm as it exhibited a peak emission wavelength near 10 μm, 
which is near the center of the camera’s detection range.  
 
 
Figure 5.2: a) Experimental setup for thermal emission measurement. The sample is mounted vertically with indium 
onto a custom copper heating block. The block has cylindrical slots for a pair of cartridge heaters on either side. The 
cartridge heaters are powered by a PID temperature controller with a feedback loop provided by a thermocouple 
clipped to the surface of the block. The block is maintained at a temperature of 450 K, and light from thermal 
emission is spatially filtered with a pair of apertures, focused with a ZnSe lens, and polarized with a wire grid 
polarizer before being measured using a Bruker v80v FTIR spectrometer. b) Experimental setup for thermal imaging 
of patterned samples. The sample is mounted vertically on a hot plate. Thermal emission is collected with an all-
reflective gold 15x microscope objective and imaged with a FLIR BX-320 thermal imaging camera. 
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6 Results and Discussion 
 
6.1 Angle-Dependent Reflection 
We first measured normal incidence reflection data using a Bruker IR-II infrared microscope. 
Even though our microscope was equipped with a high numerical aperture, gold Cassegrain-style 
lens, subsequent measurements revealed our thin-film absorbers to be highly-insensitive to the 
angle of incidence. This indicates that our microscope measurements were a good approximation 
of a normal incidence reflection experiment, which is significantly more difficult to perform as it 
requires the alignment of a beam-splitter along with the introduction of its additional dispersion. 
We used our normal incidence measurements to determine the dependence of the absorption 
resonances versus the thickness of the thin germanium films – including the reflection data of the 
uncoated highly-doped silicon samples. Figure 6.1 depicts our experimental (a) and modeled (b) 
results. The reflection spectra of our samples show strong dips at resonant wavelengths, which 
scale to longer wavelengths for thicker germanium layers. As our samples did not show any 
transmission in the same wavelength range, nor is there any patterning to scattering the incident 
light, these dips in reflection can be attributed to absorption in our samples. In most cases, these 
absorption resonances exceed 95%, approaching 99%. The anomalous features in the 
experimental data that appear near 4 μm for the 247.5 nm and 412.5 nm samples are artifacts 
introduced by atmospheric absorption. Otherwise, our experimental and simulated results show 
excellent agreement. It is important to note the thickness of our germanium films versus the 
wavelength of the absorption resonances. Typical thin-film interference effects predict minimal 
reflection at a given wavelength using a film thickness of one quarter wavelength, while also 
accounting for the refractive index of the film material. Our thin germaniums are films are 
significantly less than the corresponding quarter-wavelength thickness. This fact is depicted in 
Figure 6.2 where we have plotted on the left (blue) axis a scaling factor that divides the quarter-
wavelength thickness of the observed resonance by the actual thickness of our ultra-thin 
germanium films. In each case, our samples show a scaling factor that exceeds unity (blue dots). 
We also modeled our scaling factor revealing the trend that our scaling factor increases as we 
approach the plasma wavelength of our highly-doped silicon, but that the scaling factor
15 
 
 
Figure 6.1: Reflection spectra for our thin-film perfect absorbers. a) Experimental results. b) Simulated results. The 
reflection spectra are compared with the thickness of the germanium films showing that the perfect absorption 
resonances scale to longer wavelengths with thicker germanium films. 
 
Figure 6.2: Comparison of the germanium thickness to the quarter-wavelength thickness of the corresponding 
absorption resonance (left, blue). The scaling factor is the quarter wavelength thickness divided by the actual 
thickness and shown for each sample (diamonds) as well as calculated (line). The calculated phase shift (right, red 
line) at the interface of the germanium and engineered metal. The phase shift is minimal and less than π near the 
plasma wavelength of the engineered metal, but approaches π again at longer wavelengths far from the plasma 
wavelength. The non-trivial phase shift permits perfect absorption in films thinner than one quarter wavelength. 
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approaches one at longer wavelengths as would be expected of a typical thin film interference 
anti-reflection coating. On the right (red) axis of Figure 6.2, we examine the reason behind this 
enhancement of the scaling factor near the material’s plasma wavelength, where we have 
calculated the phase shift at the interface between our germanium films and highly-doped silicon. 
At the boundary between a dielectric and a perfect electrical conductor, the expected phase shift 
of the electromagnetic wave is π radians, but our engineered metals of highly-doped silicon 
exhibit non-trivial interfacial phase shifts. These phase shifts are small near the plasma 
wavelength but approach π radians at longer wavelengths far from the plasma wavelength. This 
reduced phase shift is how our samples are able to achieve perfect absorption despite the deep 
sub-wavelength thickness of the films. 
 After investigating the relationship between germanium thickness and absorption 
resonance, we investigated the polarization and angle dependence of the films. Figure 6.3 shows 
the experimental (a,c) and modeled (b,d) reflection spectra for the sample with a 412.5 nm thick 
germanium film for both s- (a,b) and p-polarizations (c,d). Both of the absorption resonances 
observed at normal incidence are still present at higher angles of incidence. Furthermore, the 
resonance does not shift significantly across the entire range of incident angles from 10° to 60°, 
nor is the resonance dependent on the polarization of the incident light. We attribute this 
insensitivity to angle of incidence to the large refractive index of germanium (n =4), which 
means that the angle of refraction is always small in comparison. The small angle of refraction 
means that the optical path length through the germanium film is only marginally increased even 
at higher angle of incidence. The polarization insensitivity is explained similarly as Fresnel’s 
equations predict that the reflection coefficients of s- and p-polarizations of light diverge slowly 
at small angles of incidence. Since the absorption of light in our samples occurs at the interface 
between the germanium and engineered metal and the angle of refraction at the germanium/air 
interface is small, then one would expect little difference between in the reflection spectra for the 
two polarizations, as is indeed predicted numerically and observed experimentally. 
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Figure 6.3: Angle-dependent and polarized reflection spectra for a sample with 412.5 nm of germanium. a,c) 
Experimental b,d) Modeled a,b) s-polarization c,d) p-polarization. 
 
6.2 Thermal Emission 
 
Following our reflection study of our perfect absorbers, we next investigated their thermal 
emission spectra. As discussed previously, Kirchhoff’s law of thermal radiation predicts that an 
object’s absorptivity must equal its emissivity. We then expect that whenever a material displays 
a strong absorption resonance, it should also show a strong thermal emission peak at the same 
location. Experimental (a) and calculated (b) thermal emission spectra are shown in Figure 6.4 
for each of the seven thicknesses of germanium investigated. Samples were mounted on a 
custom heating apparatus and heated to 450 K as described in detail in section 5.2. The emission 
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spectra, corrected for the thermal background emission of the spectrometer, show a clear shift to 
longer wavelengths as the germanium thickness of the samples is increased, as expected from the 
reflection results. The presence of atmospheric absorption is evident in the range between 5 and 
7 microns, as this coincides with a strong absorption band of water vapor. In order to account for 
other sources of experimental dispersion, most importantly the response of our MCT detector, 
we next modeled our results numerically and scaled the computed spectra by the spectral 
response of the detector. For comparison to a perfect blackbody source, we also calculated its 
spectrum scaled by the detector response. With the exception of the 82.5 nm and 165 nm 
samples, the un-modified experimental results match very well with the scaled numerical results. 
The reduction in the emission peak of the aforementioned samples is clearly due to the 
atmospheric absorption mentioned earlier. 
 Our final experiment investigated the spatial selectivity of patterned samples, where the 
parts of the germanium film were removed using standard metal liftoff techniques. One of these 
patterns is depicted in Figure 6.4 (inset), which was imaged using a commercially available 
thermal camera. A germanium thickness of 412.5 nm was chosen as its emission peak is near 10 
microns, which is the center of range of the camera and near the peak thermal emission of room-
temperature blackbodies. The height of the image is approximately 2 mm. The orange regions of 
the image are those with a higher apparent temperature, while those in purple have a lower 
apparent temperature. The orange areas are also those which have germanium, while the purple 
areas are without. The thermal image indicates that the germanium-coated regions selectively 
emit, while the uncoated regions emit a grey-body spectrum even though all regions are held at 
the same temperature. 
 
19 
 
 
Figure 6.4: Experimental (a) and modeled (b) emission spectra for each of the germanium thicknesses investigated. 
Thermal image (inset) of a sample with the germanium film patterned with an “I” logo. 
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7 Conclusion 
 
In conclusion, we have demonstrated a simple mid-IR perfect absorber using a subwavelength 
germanium film on an engineered metal substrate of highly-doped silicon. The position of the 
absorption resonance can be arbitrarily tuned across a wide range of the mid-IR by changing the 
thickness of the subwavelength germanium film. The strong to perfect absorption of these 
structures has been shown be highly insensitive to the angle of incidence and the polarization of 
the light. Furthermore, upon heating the devices, we demonstrated selective thermal emission 
from unpatterned samples. Patterned samples exhibited spatially selective thermal emission upon 
heating when imaged with a mid-IR micro-bolometer array. We modeled the reflection spectra of 
our structures using the transfer matrix method with excellent agreement between modeled and 
experimental results. Our results indicate that the ultra-thin film absorption arises from the non-
trivial phase shift at the interface of our engineered metals of highly-doped silicon, which 
operate near their designed plasma frequencies – providing a unique tunable property not 
possible when using elemental metals in the mid-IR.  The devices are simple and inexpensive to 
fabricate and could be employed as inexpensive thermal light sources or as coatings capable of 
altering an object’s emissivity. 
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